A peristrophic multiplexing method is used to store various diffraction gratings at the same spot in the material. This material is formed of acrylamide photopolymers which are considered interesting materials for recording holographic memories. They have high diffraction efficiency (ratio between diffracted and incident beams), high energetic sensitivity and optical quality, and developing processes are not necessary. In this work, the photopolymer is composed of acrylamide (AA) as the polymerizable monomer, triethanolamine (TEA) as radical generator, N,N'methylene-bisacrylamide (BMA) as crosslinker, yellowish eosin (YE) as sensitizer and a binder of polyvinyl alcohol (PVA)
INTRODUCTION
We live in an age of information science and technology in which the use of computers for information processing and storage has become essential. After CD-ROM's, with a capacity to store 0.7 bits/µm 2 , and DVD's, with a capacity to store 4.5 bits/µm 2 , a new field of research has been opened up in three-dimensional holographic discs [3] [4] [5] [6] [7] . Investigations are centred on the characterisation of new holographic recording materials 2 and the development of new multiplexing schedules in order to store information with holographic techniques. The aim of new techniques is to enable the maximum number of bits/µm 2 to be stored. InPhase 8 has managed to store 150 bits/µm 2 . For this reason, different methods, such as angular 1, 6, [8] [9] , peristrophic [10] [11] , or shift-multiplexing [12] [13] are being made use of to store multiple holograms at the same location.
In this respect, photopolymers are considered interesting materials for recording holographic memories because they have excellent holographic characteristics, such as high refractive index, good light sensitivity, real time image development, high optical quality, low cost and high dynamic range 2, 6, 14 (this parameter describes the capacity of the material to store many holograms at the same location with a higher diffraction efficiency). In addition, their properties like energetic sensitivity or spectral sensitivity can be easily changed by modifying the composition [1] [2] 15 .
The material used to carry out this experiment is a photopolymer based on PVA-acrylamide 1, 15 . Layers about 800 µm thick were made, and when 60 holograms are stored, a dynamic range of M# = 11 is obtained in them. In order to fully exploit the diffraction efficiency of the material used, as many holograms as possible need to be stored.
In this study, a peristrophic multiplexing method is used in order to increase the number of holograms that may be stored at the same location (the axis is perpendicular to the sample at the intersection of the beams). Using holographic recording schedules 11, 13 , the exposure energy each hologram should receive in order to achieve a uniform diffraction efficiency is optimised. The purpose of these recording schedules is to enable full advantage to be taken of the whole dynamic range of the material and to share it between the individual holograms. The Scheduled Exposure Method 11 (SEM) and the Incremental Exposure Method 13 (IEM) are the two multiplexing schedules used to determine the optimum exposure times to obtain more uniform diffraction efficiency. Having determined these times, the results obtained with both methods are compared to ascertain which method enables the greatest number of holograms to be recorded with the highest, most uniform diffraction efficiencies.
EXPERIMENTAL

Preparation of the material
The holograms are registered in a photopolymer composed of acrylamide (AA) as the polymerizable monomer, triethanolamine (TEA) as radical generator, N,N'methylene-bis-acrylamide (BMA) as crosslinker, yellowish eosin (YE) as sensitizer and a binder of polyvinyl alcohol (PVA) 1 . Introduction of BMA in the composition improves the energetic sensitivity and diffraction efficiency of the material and, in addition, gives a greater stability to the stored grating, thereby preventing it from disappearing with time. Table 1 shows the component concentrations of the photopolymer composition. A solution of PVA in water forms the matrix and this is used to prepare the mixture of AA, BMA, and photopolymerization initiator system composed of TEA and YE. The mixture is made under red light, deposited by gravity in circular polystyrene molds and left in the dark for six days to allow the water to evaporate in conditions of temperature, T, between 20 ºC and 25 ºC, and relative humidity, RH, 40% -60%. These conditions of drying time, temperature and relative humidity are optimized to obtain the maximum diffraction efficiency in 800 µm thick plates. Once dry, they are removed from the mold and placed in a glass support to be used for recording.
Holographic set-up
Holographic gratings were recorded using the output from a diode-pumped frequency-doubled ND:YAG laser (Coherent Verdi V2) which was split into two beams and then spatially filtered, using a microscope objective lens and a pinhole, and collimated to yield a plane-wave source of light at 532 nm. The diameters of these beams are 1.5 cm with an intensity ratio of 1:1. The beam intensity that is used depends on the exposure schedule method. In SEM the sum of the total intensity of the two recording beams is 5 mW/cm 2 , and in IEM, it is 0.6 mW/cm 2 . The Gaussian light beams were spatially overlapped at the recording medium intersection at an angle of 17.4º (measured in air), resulting in an interference grating with a spatial frequency of 1125 lines/mm. The diffracted intensity is monitored in real time with the He-Ne laser positioned at Bragg's angle (θ'= 20.8º). In order to obtain diffraction efficiency as a function of the angle at reconstruction, the plates are placed on a rotating stage. The diffraction efficiency was calculated as the ratio of the diffracted beam to the incident power (Fig. 1) . 3. RESULTS
Schedule Exposure Method (SEM)
In the first experiment, 60 holograms are stored at the same location using the SEM. The peristrophic multiplexing method is used to store the holograms. Holograms are stored with a separation of 3 degrees. This angular separation for peristrophic multiplexing is chosen because we do not want the holograms to overlap. The sum of the total intensity of the two recording beams is 5 mW/cm 2 , with an intensity ratio of 1:1.
In order to store the 60 holograms, the exposure time to be used to record them must be decided upon. As the holograms are stored, the monomer and dye in the material are consumed. This means that a greater exposure energy is necessary if the last holograms recorded are to have the same diffraction efficiency as the first. Therefore, the exposure time used to store the holograms is as follows: 1 second for the first 10 holograms, and then half a second is added for every 5 holograms stored. Fig. 2 shows the diffraction efficiency obtained when the holograms are recorded with the above exposure times versus the number of holograms stored. Sixty holograms were stored with a mean diffraction efficiency of 3.3%. As can be seen, the diffraction efficiency of the first five holograms is much higher than the mean. This is due to the fact that at the beginning, the material is very sensitive to the exposure energy used. As the holograms are recorded, the monomer and dye in the material are consumed and this means that greater exposure energy is necessary to reach the same diffraction efficiency, as mentioned above. Therefore, the last holograms stored have a lower diffraction efficiency since, as all the monomer and dye have been consumed, the hologram will not be formed even though the exposure energy is increased. 
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Figure2: Diffraction efficiency versus hologram number before SEM.
From the diffraction efficiencies reached in the stored gratings we calculated the cumulative grating
, where η is the diffraction efficiency and N the number of holograms stored so far, and represented it as a function of exposure energy (Fig. 3) . When the curve is saturated, the dynamic range is M# = 9.5. From the dynamic range and the number of holograms to be stored, it is possible to determine the mean theoretical diffraction efficiency that could be reached for each of the holograms, Eq. (1). Therefore, when M#=9.5 and 60 holograms are stored, the mean theoretical diffraction efficiency is 2.5%. In other words, if 60 holograms were stored with the same diffraction efficiency, their mean diffraction efficiency would be 2.5%. If the experimental diffraction efficiency is higher than the theoretical diffraction efficiency it is because the first 20 holograms were stored with a very high diffraction efficiency. Then, in order to store the 60 holograms with the same diffraction efficiency, the SEM is used to optimize the exposure energy that each hologram should receive in order to achieve the same diffraction efficiency 11 . This is done as follows: first, the data obtained from Fig. 3 are fitted in the following theoretical equation
where A is the cumulative grating strength and E the exposure energy. Once the coefficients a i have been calculated, the time needed to record the holograms may be calculated from the equation. 
where A sat is the dynamic range obtained, N is the number of holograms to be stored, I is the recording intensity, and E i the energy used to record up to the i'th hologram. 
The Incremental Exposure Method (IEM)
In the second experiment, 60 holograms are stored using the IEM. We use the peristrophic multiplexing method and the holograms are separated by 3 degrees, just as in the previous method. The sum of the total intensity of the two recording beams is 0.6 mW/cm 2 , with an intensity ratio of 1:1.
As mentioned above, if all the holograms are stored with the same exposure energy, the diffraction efficiency of the first holograms stored is higher than that of the last ones. This is because the monomer and the dye are consumed as the holograms are stored.
This second method consists in storing the holograms with the minimum exposure energy necessary to form the holograms, but it must be low enough so that no holograms are registered with a diffraction efficiency higher than that of the others.
The results of storing 60 holograms with this method are shown in Fig. 5 . As can be seen, the diffraction efficiency of the 60 holograms is quite uniform. All the values oscillate around the mean diffraction efficiency, that is 0.25%, but the dynamic range does not surpass M # = 2.5.The material is the same as that used in the previous experiment (M # = 11). If a greater M# has not been obtained, it is because all the available dynamic range has not been exploited. Therefore, with this method it is possible to achieve much more uniform values of diffraction efficiency, although the values obtained are not very high. However, it would be possible to store many more holograms if all the dynamic range were used. 
CONCLUSION
Two methods have been used to achieve more uniform values of the diffraction efficiency of 60 stored holograms. With the first method, SEM, values of diffraction efficiency of between 3 and 4.5 % are obtained with an M # = 11. These values are not more uniform but they are high. With the second method, IEM, diffraction efficiencies between 0.1 and 0.4 % are obtained. These values are more uniform but they are not very high. In addition, not all the dynamic range is used (M # = 2.5). Thus, according to Eq. 1, more than 150 holograms could be stored with the IEM.
